Sulfatases are a family of enzymes (sulfuric ester hydrolases, EC 3.1.6.-) that catalyze the hydrolysis of a wide array of sulfate esters. To date, despite the discovery of many sulfatase genes and the accumulation of data on numerous sulfated molecules, the number of characterized enzymes that are key players in sulfur metabolism remains extremely limited. While mammalian sulfatases are well studied due to their involvement in a wide range of normal and pathological biological processes, lower eukaryotic sulfatases, especially fungal sulfatases, have not been thoroughly investigated at the biochemical and structural level. In this paper, we describe the molecular cloning of Fusarium proliferatum sulfatase (F.p.Sulf-6His), its recombinant expression in Pichia pastoris as a soluble and active cytosolic enzyme and its detailed characterization. Gel filtration and native electrophoretic experiments showed that this recombinant enzyme exists as a tetramer in solution. The enzyme is thermosensitive, with an optimal temperature of 25°C. The optimal pH value for the hydrolysis of sulfate esters and stability of the enzyme was 6.0. Despite the absence of the post-translational modification of cysteine into C α -formylglycine, the recombinant F.p.Sulf-6His has remarkably stable catalytic activity against p-nitrophenol sulfate, with k cat = 0.28 s −1 and K m = 2.45 mM, which indicates potential use in the desulfating processes. The currently proposed enzymatic mechanisms of sulfate ester hydrolysis do not explain the appearance of catalytic activity for the unmodified enzyme. According to the available models, the unmodified enzyme is not able to perform multiple catalytic acts; therefore, the enzymatic mechanism of sulfate esters hydrolysis remains to be fully elucidated.
Introduction
Sulfatases (sulfuric ester hydrolases, EC 3.1.6.-) are a family of enzymes that catalyze sulfate group cleavage from a wide and very diverse array of sulfated molecules, including proteoglycans, glycolipids, steroids and sulfated carbohydrates such as glycosaminoglycans Ghosh, 2005) . In contrast to the existence of a broad spectrum of well-characterized sulfated molecules, substantial biochemical and structural investigation of the number of the key enzymes in their recycling, sulfatases, is extremely limited (Barbeyron et al., 2016) . Moreover, in the context of the appearance of the tremendous pool of genomic data, including sulfatase genes, not more than a hundred characterized enzymes are reported to date. The most studied sulfatases are in humans. The reason for an increased attention of human enzymes is their involvement in many normal and pathological biological processes. They play important roles in hormone regulation, bone and cartilage development, and signaling and embryonic development (Dhoot et al., 2001; Hanson et al., 2004) . Furthermore, several human diseases are associated with the up-and down-regulation of sulfatases (Lai et al., 2003; Suzuki et al., 2003) . Because of their functional diversity and involvement in various pathologies, sulfatases are considered potential targets for therapeutic intervention.
Unlike mammalian enzymes, lower eukaryotic and prokaryotic sulfatases have not been thoroughly investigated (Hanson et al., 2004;  for review on microbial sulfatases see Toesch et al., 2014) . Generally, the main purpose of microbial sulfatases is sulfur scavenging during growth in sulfate-reduced environments (Dodgson et al., 1982; Kertesz, 2000) . A relationship between culture-media sulfate content and the sulfatase expression in various strains was observed . It has also been shown that sulfatases are responsible for the 'off' flavor of milk (Stressler et al., 2016a) and could play a role in the release of free alkylphenols from conjugates during cheese manufacturing and ripening (Kilic and Lindsay, 2006) . Choline sulfatases seem to be widely distributed in bacteria and fungi and are thought to be involved in sulfur metabolism as well as in the biosynthesis of glycine betaine, the osmoprotectant under osmotic stress (Harada and Spencer, 1960; Bernard et al., 1986) . Fungal sulfatases hydrolyze choline-O-sulfate that, in turn, influences the growth and morphology of the Fusarium spp. and other plant pathogenic fungi (Markham et al., 1993) . Therefore, sulfatases could serve as a target for the development of new fungicides. In addition, the most recent publication on Fusarium oxysporum sulfatase describes the potency of its use in the coal bioleaching of sulfur impurities (Etemadzadeh et al., 2016) . Surprisingly, only two fungal sulfatases, one from Aspergillus oryzae (Sampson et al., 1975) and one from Kluyveromyces lactis (Stressler et al., 2016a) were biochemically characterized so far. Any other references on fungal sulfatases mainly relate to their biological roles and describe general enzyme characteristics obtained from crude extracts (reviewed by Stressler et al. 2016b) . Therefore, the detailed characterization of a new sulfatase from various sources, especially fungal sources, is required to fill the existing knowledge gap and may be useful to the biotechnology, agricultural and food industries.
As we have previously shown, the filamentous fungus Fusarium proliferatum LE1 produces an intracellular sulfatase with detectable activity toward the aryl-substrate p-nitrophenyl sulfate (pNPS) (Shvetsova et al., 2015) . The indirect role of choline sulfatase for the mycelial growth and morphology in Fusarium sp. was previously mentioned (Markham et al., 1993) , but the enzyme was not characterized in detail. To address the question if there any differences in biochemical and structural properties of the fungal sulfatase in comparison with other known sulfatases, we conducted the molecular cloning of the F. proliferatum choline sulfatase gene, describe the recombinant expression of the enzyme in Pichia pastoris as a soluble and active cytosolic protein and provide here the detailed biochemical characterization of the F. proliferatum sulfatase.
Materials and methods

Chemicals, kits and materials
All chemicals were obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA) or Acros Organics (Geel, Belgium) unless otherwise noted and were used without further purification. The substrate pNPS was synthesized using a published protocol (Huggins and Smith, 1947) ; the substrate p-nitrophenyl phosphate di(2-amino-2-ethyl-1,3-propanediol) salt (pNPP) was purchased from SigmaAldrich (St. Louis, MO, USA); Ni-IDA resin was provided by Macherey-Nagel (USA). Enzymes and kits required for molecular biological work were purchased from Qiagen (Hilden, Germany) or Thermo Scientific (Schwerte, Germany). The MicroPulser electroporator and Gene Pulser ® Cuvettes (0.2-cm) were purchased from Bio-Rad Laboratories, Inc. (USA).
Strains, plasmids and primers
The wild-type strain F. proliferatum LE1 (Shvetsova et al., 2015) was used as the source of the sulfatase gene. The Escherichia coli strain DH5α was used for cloning. The P. pastoris strain GS115 was kindly donated by Dr. J.M. Cregg from the Keck Graduate Institute (USA) and used as a host for protein expression. The pPIC3 expression vector was from Thermo Scientific (Schwerte, Germany). Primers were supplied by Evrogen (Moscow, Russian Federation) and/or BioBigle (St. Petersburg, Russian Federation) and are listed in Table I .
Construction of the plasmid pPIC3-F.p.Sulf-6His and its transformation into P. pastoris
For DNA and RNA isolation, mycelia of the strain F. proliferatum LE1 were grown as described previously (Shvetsova et al., 2015) . Cells were filtered through gauze, washed with 15 mM Tris-HCl, supplemented with 150 mM NaCl at pH 7.0 and frozen in liquid nitrogen. Genomic DNA was extracted from cells according to the published procedure (Lebedeva and Tvaružek, 2006) . The DNA fragment encoding sulfatase was amplified by PCR (Mastercycler personal, Eppendorf) with a set of outer primers (Table I) Table I ). The purified PCR product was ligated into the pJET1.2/blunt plasmid vector using a CloneJET PCR Cloning Kit (Thermo Scientific). The ligation mix was transformed into E. coli DH5α electrocompetent cells. The presence of the sulfatase insert was analyzed by double digestion with EcoRI/BamHI and DNA sequencing. The pJET1.2/ blunt plasmid containing the sulfatase gene was isolated and digested with BamHI and EcoRI restrictases. The expression vector pPIC3 was similarly digested with EcoRI and BamHI. The sulfatase gene and vector pPIC3 were gel-extracted using a QIAquick Gel Extraction Kit (Qiagen) and ligated using T4 ligase (Thermo Scientific). The resulting vector was transformed into E. coli DH5α by electroporation. Transformants were screened on LB plates supplemented with 50 μg/ml of ampicillin and confirmed using BglII digestion. The resulting recombinant plasmid pPIC3-F.p.Sulf-6His was linearized with StuI and transformed into competent P. pastoris GS115 cells by electroporation according to the Invitrogen manual. Transformants were selected on minimal medium plates without histidine (2% glucose, 0.67% yeast nitrogen base without amino acids, 1 M sorbitol, 0.005% of each amino acid: L-glutamic acid, L-methionine, L-lysine, L-leucine and L-isoleucine).
Expression and purification of the recombinant sulfatase
A single positive transformant colony was grown at 28°C for 24 h in 5 ml of YPD medium + glycerol (1% yeast extract, 2% peptone, 2% glucose, 1% glycerol). Then, the 5-l shaking flask containing 1 l of YPD + glycerol was inoculated with 2 ml of the culture medium. The growth was continued at 28°C for 2 days. The cells were harvested by centrifugation at 3000 × g for 5 min at 4°C, washed with 500 ml of YPD + 1% methanol medium and resuspended in 500 ml of YPD + methanol medium to induce the expression of F.p.Sulf-6His. The growth was continued at 28°C. Methanol was added twice daily to a final concentration of 0.5% (v/v) for 3 days. After growth, cells were harvested, washed with 1 l of the buffer A (10 mM sodium acetate, pH 6, 20 mM CaCl 2 and 0.3 M NaCl), divided into 20 aliquots and centrifuged at 3000 × g for 5 min a 4°C. The aliquots of cells were frozen and stored at -80°C until being used. The cell aliquot was mechanically disrupted in liquid nitrogen with Al 2 O 3 using a mortar and a pestle and resuspended in 5 ml of the buffer A. The cell lysate was clarified at 16 000 × g for 10 min at 4°C and the protein-containing supernatant was harvested. The expression of F.p.Sulf-6His was evaluated using an activity assay with a pNPS substrate.
Cell lysate was filtered through a 0.45-μm syringe filter (TPP Techno Plastic Products AG, Switzerland) and loaded onto a Protino Ni-IDA resin pre-equilibrated with buffer A. The protein was eluted with buffer A containing 20 mM histidine. Fractions containing F.p.Sulf-6His were pooled and concentrated using Microcon Centrifugal filters (10 000 MWCO) (Millipore Corporation, USA). Preparative gel filtration chromatography was performed using a 10 × 700 mm Sephadex G-100 column (Pharmacia Biotech) equilibrated with buffer A. Fractions with enzyme activity assayed with pNPS substrate were collected and concentrated as described above. The purification process of the sulfatase was monitored by activity assay with pNPS substrate.
The purity of F.p.Sulf-6His was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a 10% polyacrylamide gel, followed by staining with Coomassie Brilliant Blue G-250 according to the Laemmli procedure (Laemmli, 1970) . The protein concentration was estimated using the Bradford Reagent (0.1 mg/ml Coomassie Blue Brilliant G-250, 4.8% ethanol, 8.5% phosphoric acid) and bovine serum albumin (SERVA Electrophoresis GmbH, Germany) was used as a standard.
Native molecular-weight determination
Fractions with F.p.Sulf-6His collected after gel filtration were subjected to Blue native PAGE (BN-PAGE) using a gradient polyacrylamide gel (5-15%), followed by western blot analysis using a mouse monoclonal anti-poly-histidine antibody (Sigma-Aldrich) according to the protocol described by Wittig et al. (2006) . Beta-xylosidase from Aspergillus awamori (with molecular weight 250 kDa) (Eneyskaya et al., 2007) and bovine serum albumin (Sigma, USA) were used as molecular-weight markers (Atmeh et al., 2007) . Native protein was transferred from the BN gel by blotting to a polyvinylidene difluoride membrane (Immobilon-P EDM Millipore Corporation, USA) in the electroblotting buffer (50 mM tricine, 7.5 mM imidazole, pH 7.0) for 3 h at 7 V using a Mini Trans-Blot Cell (Bio Rad). The membrane was destained with 25% methanol and 10% acetic acid until the Coomassie background disappeared. Complete destaining was performed in 100% methanol for approximately 3 min. The membrane was washed with 0.1% Tween 20 in phosphate-buffered saline (PBS) for 10 min and blocked in blocking buffer (0.1% Tween 20 in PBS, 5% dry milk) for 1 h at room temperature. The membrane was incubated with primary antibody (mouse monoclonal anti-polyhistidine Ab) prepared in blocking buffer at 4°C overnight. The membrane was thrice washed with 0.1% Tween 20 in PBS for 10 min and incubated with horseradish peroxidase conjugated to secondary antibody (Polyclonal Goat Anti-Mouse Immunoglobulins/HRP, Dako) prepared in blocking buffer at room temperature for 1 h. After six washes with 0.1% Tween 20 in PBS, the membrane was incubated with enhanced chemiluminescent mix (0.1 M Tris-HCl pH 8.5, 0.2 mM pcoumaric acid, 1.25 mM luminol, 0.03% H 2 O 2 ) for 1 min and exposed to X-ray film.
The quaternary structure of the purified F.p.Sulf-6His was analyzed by size-exclusion chromatography (SEC). Analytical SEC was performed on a Sephacryl S-300 column (10 × 1000 mm) equilibrated with 10 mM Tris-HCl, pH 7.2, 18 mM CaCl 2 and 0.3 M NaCl. The purified F.p.Sulf-6His (120 μg) was loaded onto the column with the flow rate of 0.15 ml/min at 4°C. Fractions of 700 μl were collected and analyzed using the activity assay. The column was calibrated with proteins of known molecular weight: apoferritin from equine spleen (Sigma, USA), 443 kDa; β-xylosidase from A. awamori, 250 kDa (Eneyskaya et al., 2007) ; β-galactosidase from Penicillium sp., 120 kDa (Rojas et al., 2004) and α-galactosidase from Trichoderma reesei, 54 kDa (Golubev and Neustroev, 1993) .
Mass spectrometry analysis of F.p.Sulf-6His
All procedures were performed according to previously described protocol (Naryzhny et al., 2014) . Briefly, after separation by SDS-PAGE the protein was reduced and alkylated by treatment with 10 mM dithiothreitol (DTT) solution for 30 min followed by treatment with 55 mM solution of iodoacetamide. Further, the gel pieces were cut out and dehydrated by 10-min incubation in 200 μl of 100% acetonitrile and dried. The dried gel pieces were rehydrated for 25 min on ice in 12 μl of 25 mM ammonium bicarbonate containing trypsin (Trypsin Gold, 10 μg/ml) and incubated at 37°C for at least 4 h. The mixture of trypsinolysis products with the matrix (2,5-dihydroxybenzoic acid from Sigma-Aldrich) was crystallized in an air stream and analyzed by MALDI mass spectrometer Microflex MX (Bruker Inc., USA). Spectra were obtained in the reflection mode using 100 × 150 laser shots throughout the target area. Identification of proteins was performed by analyzing the total spectra using the Mascot software (http://www.matrixscience.com).
Sulfatase activity assay and determination of kinetic parameters
Enzyme activity was routinely measured using the synthetic substrate pNPS. The standard reaction mixture contained 8.3 mM pNPS and 100 mM sodium acetate buffer (pH 6) supplemented with 20 mM CaCl 2 and 90 mM NaCl and the appropriate amount of enzyme solution in 50 μl. After incubation at 25°C for 30 min, the reaction was terminated by the addition of 10% Na 2 CO 3 (pH 10) to a final volume of 500 μl, followed by measurement of UV absorbance at 400 nm using a JascoV-560 UV/Vis Spectrophotometer (JASCO, Analytical Instruments). Change in product concentration (d[P]/dt) was calculated using an extinction coefficient ε, equal to 18 300 M −1 cm −1 for 4-nitrophenol in highly alkaline conditions (Dawson et al., 1989) . Spontaneous hydrolysis of the substrate (approximately 0.1%) was subtracted using the appropriate blank mixtures without enzyme. One unit (U) of activity was defined as the amount of enzyme that liberates 1 μmol of p-nitrophenol per a minute under the specified conditions. The kinetic parameters of the sulfatase were determined in 100 mM sodium acetate (pH 6, supplemented with 20 mM CaCl 2 and 90 mM NaCl) at 25°C using pNPS at substrate concentrations from 0.2 to 18.0 mM. The resulting initial rates were plotted against substrate concentration, and K m , k cat and K S ′ were determined by fitting the data to Equation (1) with the QtiPlot 0.9.8.9 program.
where V max is the maximal rate of hydrolysis, K m is the Michaelis constant, [S] is concentration of pNPS and K S ′ is the substrate inhibition constant.
Biochemical characterization of the recombinant sulfatase F.p.Sulf-6His
The pH dependence of F.p.Sulf-6His activity was determined as described above, but with 0.1 M sodium acetate buffer ranging from pH 4.0 to pH 6.0 and 0.1 M Tris-HCl buffer solutions ranging from pH 6.7 to pH 9.0. The pH dependence of protein stability was assessed by preincubation of F.p.Sulf-6His with the same buffers for 24 h at 25°C, followed by measurement of the residual activity on pNPS in 0.5 M sodium acetate (pH 6.0), supplemented with 20 mM CaCl 2 and 90 mM NaCl, as described above. The temperature dependence of F.p.Sulf-6His activity was monitored by performing incubations with pNPS at 4-37°C (at pH 6.0) and measuring the release of p-nitrophenol. The thermal stability of the enzyme was assessed by preincubation of a solution of 16.4 μg F.p.Sulf-6His in 100 mM sodium acetate buffer (pH 6), supplemented with 20 mM CaCl 2 and 90 mM NaCl at 4-45°C for 2 h, followed by cooling in an ice-water bath and measurement of the residual activity on pNPS under standard assay conditions (pH 6.0, 25°C, 30 min). The data points are presented as the means of at least three independent experiments, and the errors ranged from 5% to 7%. Changes in quaternary structure of F.p.Sulf-6His during the thermostability experiments were monitored by BN-PAGE. The effect of ionic strength on F.p.Sulf-6His activity was measured in 100 mM sodium acetate, pH 6, supplemented with 20 mM CaCl 2 and 30-630 mM NaCl under standard conditions. Various commonly used additives, including chelators, protease inhibitors and reducing reagents, were tested to examine their effect on F.p. Sulf-6His activity toward pNPS. After preincubation of the enzyme with 10 mM EDTA, 10 mM DTT, 10 mM β-mercaptoethanol (β-Mer) and 10 mM phenylmethylsulfonyl fluoride (PMSF) for 5 min, activity was measured under standard conditions.
To measure the influence of metal ions on sulfatase activity of cell lysate containing F.p.Sulf-6His, a 60-μl sample of proteincontaining supernatant obtaining after cell lysate separation was treated with 50 mM EDTA for 1 h at 4°C and extensively dialyzed against 20 mM Tris-HCl, pH 7.2, at 4°C overnight. The sulfatase activity was measured under standard conditions except that the reaction buffer solution contained 0.5 M Tris-HCl, pH 7.2, and 10 mM of the appropriate metal chloride (Na
). The reaction mixture without metal ions was used as a control.
The effects of sulfate, histidine and imidazole on F.p.Sulf-6His activity were assessed with either 5 or 10 mM sulfate, 2.5 and 5 mM histidine or 2.5 and 5 mM imidazole using pNPS as a substrate. The kinetic parameters of these reactions were determined as mentioned above. Appropriate controls were included to compensate for any background absorbance by the substrate or other compounds used.
Results and discussion
One of the main features of all characterized sulfatases is high similarity in their structure and catalytic mechanisms. A highly conserved region of sulfatases found in prokaryotes and eukaryotes is the so-called 'signature catalytic domain,' (Cys/Ser)-X-Pro-X-Arg-X-X-X-X-Thr-Gly, which is located in the first third of the sequence (Kertesz, 2000) . The core motif Cys/Ser-X-Pro-X-Arg was found to be extremely important for correct post-translational modification of the initial cysteine (for eukaryotes) or serine (usually found in prokaryotes) into the catalytically active residue C α -formylglycine (fGly) in the most numerous group of known sulfatases Benjdia et al., 2010; Barbeyron et al., 2016) . Normally, fGly is formed by the specific formylglycine-generating enzyme (FGE) in aerobic eukaryotic or prokaryotic organisms, or by sulfatase-maturating enzyme in anaerobes (Bojarová and Williams, 2008) and was shown to be essential for the sulfatase activity. In addition to fGly, the active center of many sulfatases requires bivalent ions, usually Ca 2+ or Mg 2+ (Ueki et al., 1995a; Waldow et al., 1999; Boltes et al., 2001) . It has been suggested that the metal ion plays an important role in the cleavage of sulfate esters, presumably by binding and activating the substrate for nucleophilic attack (Hanson et al., 2004) . Taking into account these data, we were aimed to find out the features of the sulfatase, which was previously detected during the F. proliferatum LE1 growth, and, thus, to characterize the first Fusarium sulfatase in details. The wild-type strain F. proliferatum LE1 produced intracellularly the level of sulfatase activity (Shvetsova et al. 2015) that did not allow us to purify the enzyme for homogeneity and in enough quantity. Therefore, the P. pastoris CS115 expression system was chosen to obtain a high level of the enzyme for its detailed biochemical characterization.
Sequence analysis of the sulfatase from F. proliferatum LE1
Among the various previously analyzed sulfatase genes of Fusarium species (F. fujikuroi, F. oxysporum, F. verticillioides, F. avenaceum) the putative choline sulfatase gene appeared to be highly conserved.
On the basis of gene encoding putative choline sulfatase (accession KLO86734.1) found in the annotated genome of F. fujikuroi IMI58289 (accession PRJEB185), a set of primers was designed (Table I ) and used in PCR with genomic DNA from F. proliferatum LE1 as a template. PCR products of the expected sizes were obtained, purified with an agarose gel and sequenced. The whole gene sequence was obtained by assembling the resulting sequenced fragments. The sequence of the coding region of the putative sulfatase was obtained via PCR using cDNA as a template and has been deposited in GenBank (accession number KX826945). The putative sulfataseencoding gene consisted of 1760 bp with two exons and one noncoding intron. As expected, the nucleotide and amino acid sequences of the protein from F. proliferatum LE1 were highly homologous to those of the putative choline sulfatase from F. fujikuroi IMI58289, with 99% identity. The full-length cDNA contains 1656 bp and encodes a polypeptide of 552 amino acid residues, with a theoretical molecular mass of 63 kDa and pI of 5.26. Two putative N-glycosylation sites and 6 potential O-glycosylation sites were predicted in the F.p.Sulf-6His by the NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/ NetNGlyc/) and NetOGlyc 4.0 (http://www.cbs.dtu.dk/services/Net OGlyc/) servers, respectively. This was in line with the data reviewed by Hanson et al. (2004) about an extensive glycosylation of various sulfatases, which are both secreted or intracellular. The analysis of the sulfatase sequence with SignalP 4.1 server showed the absence of the putative signal peptide in the protein that means the intracellular localization of the active enzyme. Analysis of the protein sequence showed the presence of the conservative fragment Cys-X-Pro-X-Arg, known as a 'sulfatase signature' (Hanson et al., 2004) , indicating that the enzyme is most likely a sulfatase. Notably, the 'sulfatase signature' has been found in two other types of enzymes: a phosphate monoester hydrolase (U44852) and an alkaline phosphatase (AF047381) (Hanson et al., 2004) . Additionally, Jonas et al. (2008) has shown the presence of FGly in the active site of the phosphonate monoester hydrolase/phosphodiesterase from Rhizobium leguminosarum. Therefore, some enzymes with the 'sulfatase signature' do not appear to be sulfatases.
The identified amino acid sequence of the sulfatase from F. proliferatum LE1 was compared with the known protein sequences using BLASTP program. The majority of the BLASTP alignment results referred to hypothetical proteins, functions of which have not been experimentally confirmed so far. The procedure revealed the presence of two choline sulfatase protein domains (accessions: cd16032 and pfam12411) and the sulfatase domain (pfam00884, which covers almost the same region, as cd16032). All eight residues that compose the putative active site within the choline sulfatase conserved domain have been mapped to the query sequence (Fig. 1) . The choline sulfatase from Ensifer meliloti (GenBank: AAC13371.1) was the most similar characterized enzyme and had 39.8% identity with the investigated protein. The catalytic amino acids of both enzymes were identical and standard for this type of enzymes. Thus, the amino acids Asp36, Gln37, Cys77 and His315 were tentatively identified as both metal and substrate binding centers, whereas Asp314 was supposed to bind metal ions, and Lys125, His127 and His220 were supposed to bind the substrate molecule.
Cloning, expression, purification and identification of the recombinant sulfatase
The P. pastoris CS115 expression system was chosen due to its suitability for biosynthesis of glycosylated proteins in view of existence of potential glycosylation sites in the sulfatase from F. proliferatum. This expression system is routinely used for various eukaryotic hydrolases and was recently employed for human sulfatase (Rodríguez-López et al., 2016). Additionally, P. pastoris does not have genes coding for any sulfatase and FGE (De Schutter et al., 2009 ). Therefore, we should not expect the recombinant sulfatase to undergo conversion of the cysteine in the active center into the C α -formylglycine during the posttranslational modification. The sulfatase gene was amplified via PCR using cDNA as a template and forward and reverse primers (see Table I ) to obtain a gene construct with six histidines (6xHis) tag at the C-terminus of the prospective protein, the restriction sites EcoRI and BamHI and the stop codon TAA. The PCR product was cloned into the pJET1.2/blunt cloning vector followed by sequencing to confirm the absence of mutations. The sulfatase gene was re-cloned into the pPIC3 expression vector. After linearization with StuI, the resulting recombinant plasmid pPIC3-F.p.Sulf-6His was introduced into the genome of P. pastoris GS115-competent cells by electroporation.
A single positive transformant colony was selected for high-celldensity fermentation. Recombinant F.p.Sulf-6His was purified from cells to apparent electrophoretic homogeneity over two stages, including Ni-IDA affinity and SEC, with a recovery of 54.3% (Table II) . Purified F.p.Sulf-6His migrated as a single band of 63 kDa on SDS-PAGE that corresponded to the calculated molecular weight of the recombinant sulfatase ( Fig. 2A) . Thus, it can be assumed that the recombinant protein either not or slightly glycosylated. Approximately 10 mg of pure recombinant F.p.Sulf-6His per 1 l of P. pastoris culture was obtained using this purification scheme. Analysis of the mass-spectrometric spectra of the purified protein gave~30% coverage of the targeted sequence by detected peptides. Among seven resulting peptides, we found a peptide with mass 2398.064 Da corresponding to the peptide sequence AA60-81 containing sulfatase signature with Cys77 (Fig. 3) . Formylglycine was not found in this sequence (expected mass of peptide with fGly is 2323.102) that confirmed the sulfatase was not modified during the production cycle.
The purified enzyme was examined for sulfatase and phosphatase activities using pNPS and pNPP, as substrates, respectively. It was shown that F.p.Sulf-6His hydrolyzed both synthetic substrates, though the rate of pNPS hydrolysis was 60-fold higher than for pNPP. Under the given reaction conditions (25°C and pH 6.0), the specific activities of the purified enzyme for pNPS and pNPP were 23 and 0.38 mU/mg, respectively. Some enzymes are known to facilitate the turnover of a variety of different substrates. It has been proposed that such catalytic promiscuity is important in steering enzyme evolution (Luo et al., 2012) . Recently, it was demonstrated that the Pseudomonas aeruginosa arylsulfatase is capable of hydrolyzing a range of sulfate esters, in addition to phosphate esters (Olguin et al., 2008; Babtie et al., 2009) . Moreover, the mechanisms of these hydrolysis reactions have been found to be very different even though they are catalyzed by the same enzyme active site (Marino et al., 2013) . The observed hydrolytic activity for both pNPS and pNPP confirms that F.p.Sulf-6His is a promiscuous enzyme.
Recently it was shown that the unmodified choline sulfatase from E. meliloti exhibited catalytic activity (Sánchez-Romero and Olguin, 2015) . The recombinant human N-acetylgalactosamine-6-sulfate sulfatase produced in the methylotrophic yeast P. pastoris was also active despite the absence of the sulfatase-modifying enzyme in P. pastoris and following improvement of 4.5-fold in its specific activity was achieved after its co-expression with human FGE (Rodríguez-López et al., 2016) . Thus, the absence of the posttranslation modification of the catalytic cysteine to C α -formylglycine does not always lead to the complete loss of sulfatase activity. Similar to choline sulfatase from E. meliloti, the sulfatase from F. proliferatum LE1 showed detectable catalytic efficiency against a model substrate pNPS. This allowed us to determine main physicochemical and enzymatic characteristics of the obtained F.p.Sulf-6His using this substrate.
Molecular-weight determination of recombinant sulfatase
The ability of sulfatase subunits to form multimers is well documented (Sasaki et al., 1987; Matusiewicz et al., 2005) . While a number of sulfatases exist as monomers (e.g. arylsulfatase from Marinomonas sp. Prepared from 50 ml of P. pastoris GS115 culture. n.d., not determined. FW1 (Wang et al., 2015a) ), some enzymes form multimers with different masses. For example, arylsulfatase from Hemicentrotus pulcherrimus, a 670-kDa protein, is composed of 10 subunits (Sasaki et al., 1987) , and the sulfatases from Pseudomonas sp. S9 and Chlamydomonas reinhardtii form dimers (De Hostos et al., 1988; Long et al., 2011) . The sulfatase from Artemia salina was purified as two iso-enzymes composed of six or eight subunits (Matusiewicz et al., 2005) . Mammalian arylsulfatases are also known to form oligomers composed of a variable number of subunits. This is especially true in the case of arylsulfatases A, which tend to exist as monomers, dimers or tetramers depending on pH (Waheed et al., 1985) . To analyze the quaternary structure of the purified recombinant F.p.Sulf-6His and determine its molecular weight, the enzyme was subjected to BN-PAGE analysis. The results of western blot analysis using anti-polyhistidine Ab and evaluation of protein molecular weight using SEC revealed that F.p. Sulf-6His is a tetramer with a molecular weight of~250 kDa ( and C). Based on these data we concluded that F.p.Sulf-6His is composed of four subunits with a molecular weight of 63 kDa.
Temperature and pH dependence of F.p.Sulf-6His activity and stability
Sulfatases can be divided into two groups according to their pH optimum, with one group showing optimal activity at pH 6.5-7.1 and a second group with optimal pH values of 8.3-9.0 (Kim et al., 2005) . For example, the arylsulfatase from Cystoseira tamariscifolia has an optimal pH of 6.5 (Knöss and Glombitza, 1993) , falling into the first group, whereas the sulfatase from Marinomonas sp. FW1 (Wang et al., 2015a ) is classified into the second group due to its the optimal pH value at 9.0. The physico-chemical properties of recombinant F.p.Sulf-6His were determined using pNPS as a substrate. Figure 4A shows that the enzyme has a narrow pH optimum with maximal activity at pH 6.5. Accordingly, F.p.Sulf-6His belongs to the first group of sulfatases with slightly acid optimal pH. The temperature dependence of enzyme activity was measured from 4 to 37°C at pH 6.0 (Fig. 4B) . The maximal rate of pNPS hydrolysis by F.p.Sulf-6His was observed at 25°C. The rate rapidly decreased at temperatures above or below 25°C, suggesting that the enzyme is temperature-sensitive. This value is lower than those of many known sulfatases; most characterized enzymes have optimal temperatures in the range of 30-40°C, e.g. sulfatases from Streptomyces sp. T109-3 (Ueki et al., 1995a) , Flammeovirga pacifica (Gao et al., 2015) , Flavobacterium heparinum (Myette et al., 2003) and Vibrio sp. FC509 (Wang et al., 2015b) . Some enzymes with higher optimal temperatures have also been described, e.g. sulfatases from Volvox carteri (Hallmann and Sumper, 1994) , Pseudomonas sp. S9 (Long et al., 2011) and P. aeruginosa (Beil et al., 1995) . To note, the heating of the F.p.Sulf-6His enzyme did not change the quaternary structure of the native protein that was checked by BN-PAGE (data not shown), thereby, the drop in enzymatic activity above 25°C was not caused by subunit dissociation. Thus, we can assume that the inactivation of enzyme is due to the irreversible conformational changes. However, the reported low optimal temperature allows for the potential use of sulfatases from F. proliferatum LE1 in processes where heating is unfavorable.
The pH stability test revealed that recombinant F.p.Sulf-6His retained more than 50% activity after 24 h of incubation at room temperature at pH 5.5-8 (Fig. 4C) , similar to many other sulfatases (Sakurai et al., 1980; Knöss and Glombitza, 1993; Miura et al., 2006; Long et al., 2011; Wang et al., 2015a; Stressler et al., 2016a) . The temperature stability profile shows that F.p.Sulf-6His was stable up to 25°C (Fig. 4D) . Enzyme activity was significantly reduced after 2 h of incubation at 35°C. The stability of F.p.Sulf-6His is similar to other sulfatases, most of which are typically stable at temperatures below 40°C but show reduced activity at higher temperatures (Takebe, 1961; Sakurai et al., 1980; Ueki et al., 1995a; Matusiewicz et al., 2005; Miura et al., 2006; Hossain et al., 2009; Wang et al., 2015b; Stressler et al., 2016a) .
Influence of ionic strength, EDTA and metal ions on F.p.Sulf-6His activity Sulfatase inhibition with concentrated sodium chloride was described previously by different authors. Analysis of the influence of ionic strength on F.p.Sulf-6His activity showed that increasing salt concentration leads to reduced activity (Fig. 5) . The maximal F.p.Sulf-6His activity was observed at 50-90 mM NaCl. A similar dependence was observed for the recombinant heparin/heparan sulfate 2-O-sulfatase and 6-O-sulfatase from F. heparinum (Myette et al., 2003 (Myette et al., , 2009 ) and the native sulfatase from P. carrageenovora (Genicot et al., 2014) .
Many aryl-and alkylsulfatases depend on metal ions for catalysis (Toesch et al., 2014) . For example, the arylsulfatase PAS from P. aeruginosa requires Ca 2+ for proper orientation and binding of the negatively charged substrate (Boltes et al., 2001) . Calcium ions are also known to be cofactors for arylsulfatases from Streptomyces griseorubiginosus S980-14 and Streptomyces sp. T109-3 (Ueki et al., 1995a, b) . The influence of other metal ions on sulfatase activity has also been described (Moriya and Hoshi, 1980; Hanson et al., 2004; Tokheim et al., 2005; Toesch et al., 2014) . However, not all sulfatases are metal-dependent (Pogorevc and Faber, 2003; Qin et al., 2013; Wang et al., 2015b) . We observed that EDTA strongly inhibited F.p.Sulf-6His activity. The addition of 10 mM of EDTA to the reaction mixture decreased activity~3-fold (Table III) . Inhibition of sulfatase activity by EDTA implies that the enzyme requires a divalent cation for its activity. Indeed, it was observed that Mn
2+
and Ca 2+ significantly increase enzyme activity in cell lysate, whereas Zn 2+ , Co 2+ and Ni 2+ slightly inhibit it (Fig. 6 ). Monovalent cations as K + and Na + slightly increase enzyme activity. This result confirms that metal ions play an important role in F.p.Sulf-6His
catalysis. The importance of metal ions for F.p.Sulf-6His was indirectly confirmed by the fact that an enzyme with significantly reduced specific activity was obtained using buffer without divalent cations during purification (data not shown). The obtained data are consistent to the crystal structure with the bound manganese ion solved for the similar sulfatase from Sinorhizobium meliloti (PDB: 4UG4). Additionally, the influence of commonly used chemical reagents on F.p.Sulf-6His activity was examined, and the results are summarized in Table III . Reducing agents such as DTT and β-Mer did not affect enzyme activity, while treatment with the protease inhibitor PMSF slightly inhibited activity.
Enzyme kinetics and inhibition
Hydrolysis of pNPS by F.p.Sulf-6His was studied for substrate concentrations from 0.2 to 18.0 mM. At low concentrations of pNPS, the hydrolytic reaction followed Michaelis kinetics, while at concentrations higher than 6 mM we observed a decrease in reaction velocity above a maximal value (Fig. 7) . Such a behavior was observed earlier by several authors (Delisle and Milazzo, 1972; Collett, 1980; Sánchez-Romero and Olguin, 2015) and may be explained by the formation of a nonproductive triple complex ES·S that inhibits hydrolysis through an excess of substrate. Calculated kinetic parameters, including Michaelis constant K m , turnover rate k cat and substrate inhibition constant K S ′ (which accounts for enzyme affinity to the second substrate molecule), are presented in Table IV . Known values for K m and K S ′ allowed calculation of the optimal substrate concentration [S] opt as the square root of the product of both constants, with a value of 5.5 mM. We also found that sodium sulfate did not affect the activity of F.p.Sulf-6His at 2.5 mM or 5 mM (Table IV) . Despite the modest k cat value for pNPS hydrolysis by F.p.Sulf-6His in comparison with post-translationally Fig. 5 Ionic strength effect on F.p.Sulf-6His activity. The effect of ionic strength on F.p.Sulf-6His activity was measured in 100 mM sodium acetate, pH 6, supplemented with 20 mM CaCl 2 and 30-630 mM NaCl under standard conditions. Maximal value was taken as 100%. Error bars indicate the standard errors of at least three measurements. (Kim et al., 2005) . More complex effects were observed for pNPS hydrolysis by F.p.Sulf-6His in the presence of histidine or imidazole (Fig. 8) . It appeared that both compounds, which have similar chemical structures, act as effectors for the hydrolytic reaction, affecting the maximal velocity in a dose-dependent manner at high pNPS concentrations, simultaneously lower the affinity of the first substrate molecule for the active center (K m values increase with increasing effector concentration) and therefore reduce overall catalytic efficiency without altering the substrate inhibition constant. Based on these observations, we hypothesize that these compounds serve as nonactive-site effectors; this hypothesis should be tested in future by detailed structural investigations. Such an activation effect has been reported for the arylsulfatase of C. reinhardtii (Lien and Schreiner, 1975; De Hostos et al., 1988) and V. carteri (Hallmann and Sumper, 1994) , though no satisfactory explanations have been provided.
In conclusion, despite the lack of post-translational modification, F.p.Sulf-6His effectively hydrolyzed the synthetic substrate pNPS, thus exhibiting remarkable sulfatase activity. These data do not appear to correspond to the proposed mechanisms for the S1 family fGly-dependent sulfatase action (Barbeyron et al., 2016) . Although there is no direct evidence for the role of fGly in sulfatase catalysis, 0.48 ± 0.03 6.58 ± 0.63 12.0 ± 1.5 72.9 ± 11.5 Imidazole 2.5 0.44 ± 0.03 5.58 ± 0.54 14.4 ± 1.9 78.8 ± 13.0 5 0.75 ± 0.20 19.42 ± 6.1 13.1 ± 5.9 38.6 ± 22.4 Fig. 8 Measured reaction curves in the absence and presence of imidazole (A) and histidine (B). The effects of each compound on F.p.Sulf-6His activity were assessed without (○) or with either 2.5 (◊) and 5 (□) mM imidazole (A) or histidine (B) using pNPS as a substrate under conditions described in Materials and methods section. Reaction curve for F.p.Sulf-6His-catalyzed hydrolysis of pNPS. The kinetic parameters of the sulfatase were determined in 100 mM sodium acetate (pH 6, supplemented with 20 mM CaCl 2 and 90 mM NaCl) at 25°C using pNPS at substrate concentrations from 0.2 to 18.0 mM.
two mechanisms have been proposed (reviewed by Williams et al., 2014) . The first implies the nucleophilic attack of the aldehyde form of fGly by the sulfate ester anion leading to the formation of the SO 3 -enzyme intermediate via a diester; the second implies the active form of fGly, the hydrate, performing a nucleophilic substitution on the sulfate ester anion to give to the intermediate directly. In both mechanisms, the unmodified sulfatase should not be capable of enzyme recovery and therefore should not undergo multiple acts of catalysis. However, there have been several reports on active but unmodified sulfatases: the choline sulfatase from E. meliloti (Sánchez-Romero and Olguin, 2015) and the recombinant human N-acetylgalactosamine-6-sulfate sulfatase produced in the methylotrophic yeast P. pastoris (Rodríguez-López et al., 2016) . Similar results were obtained for the Cys → Ser mutants of sulfatases from P. aeruginosa and H. sapiens, though the authors explained the turnover observed in mutant enzymes by wild-type enzyme contamination (Recksiek et al., 1998; Olguin et al., 2008, ref. (11) in Williams et al., 2014) . During the preparation of the paper, the report on the yeast arylsulfatase, which was homologously expressed in K. lactis, was published (Stressler et al., 2016a) . Authors showed that the arylsulfatase obtained was catalytically active toward pNPS and p-cresol sulfate and most likely belongs to the family of FGly-dependent sulfatases, though no direct evidence for the modification of the catalytic cysteine, presented in the sulfatase consensus motive, into C α -formylglycine were given. Given these data, it becomes obvious that the catalytic mechanisms of hydrolysis of sulfuric esters by modified and unmodified enzymes need to be further elucidated. 
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